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,Q WKLV VWXG\ D UREXVW ILEHU ODVHU VRXUFH KDV EHHQ FRXSOHG ZLWK D KLJKO\ IOH[LEOH SURWRW\SH SURFHVVLQJ ODVHU
SURFHVVLQJKHDGWRSURILWRIERWKWKHNH\KROHZHOGLQJPRGHDQGZREEOLQJVWUDWHJ\IDVWRVFLOODWLRQRIODVHUEHDP$
PXOWLOHYHOIXOOIDFWRULDOGHVLJQRIH[SHULPHQW'R(ZDVXVHGDVDQHIILFLHQWPHWKRGWRVWDWLVWLFDOO\LQYHVWLJDWHWKH
HIIHFWV RI ZREEOH ODVHU ZHOGLQJ SDUDPHWHUV RQ WKH VSRW ZHOG TXDOLW\ VXFK DV LWV JHRPHWU\ DQG PLFURKDUGQHVV
&RQVHTXHQWO\ VHPLHPSLULFDO PDWKHPDWLFDO PRGHOV ZHUH GHYHORSHG DQG HPSOR\HG WR GHWHUPLQH WKH RSWLPDO
FRPELQDWLRQ RI WKH ZHOGLQJ SDUDPHWHUV DFFRUGLQJ WR D JLYHQ VHW RI TXDOLW\ FULWHULD ,Q WKLV FRQWULEXWLRQ WKH
REMHFWLYHV ZHUH WR PD[LPL]H PROWHQ YROXPH RU IXVLRQ DUHD DQG ZREEOLQJ VSHHG ZREEOLQJ IUHTXHQF\ ZKLOH
PLQLPL]LQJ WKH ODVHUSRZHU7KHVHDUHYHU\ W\SLFDO UHTXLUHPHQWVRIPDQ\ LQGXVWULHV HJDXWRPRWLYH LQGXVWU\ WR
PLQLPL]HWKHFRVWDQGLQFUHDVHWKHSURGXFWLRQUDWH
([SHULPHQWDOSURFHGXUH




ODVHU SURFHVVLQJ KHDG KDV EHHQ GHYHORSHG LQWHJUDWLQJ D FROOLPDWLRQ XQLW D 'VFDQQHU DQG D EHDP VSOLWWHU DQG
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2.2. Process parameters and output responses 
,QWKLVVWXG\D*DXVVLDQEHDPKDVEHHQXVHGWRIDFLOLWDWHWKHNH\KROHIRUPDWLRQ0RUHRYHUZREEOLQJWKHODVHU
EHDPZLWK DQDSSURSULDWH IUHTXHQF\ EHDPYHORFLW\ DOORZVPDQDJLQJ WKHKHDW FRQGXFWLRQ DQG FRQYHFWLRQ LQ WKH
ZHOG]RQHWRFRQWUROWKHZHOGPLFURVWUXFWXUHDQGTXDOLW\7KLVLVLPSRUWDQWGHSHQGLQJRQWKHGHYLFHDSSOLFDWLRQ)RU
FRQYHQWLRQDO VWDWLRQDU\ ODVHU EHDPZHOGLQJ /%:PDQ\ IDFWRUVPD\ LQIOXHQFH WKH TXDOLW\ RI WKH ODVHUZHOGLQJ
SURFHVV)RUZREEOLQJ/%:QHZSDUDPHWHUVKDYHWREHWDNHQLQWRDFFRXQWGXHWRWKHRVFLOODWLRQRIWKHEHDP,QWKLV
ZRUN IRXU SURFHVV SDUDPHWHUV ZHUH FRQVLGHUHG DV WKH PRVW LPSRUWDQW &RQVHTXHQWO\ WKH /DVHU 3RZHU /3
:REEOLQJ)UHTXHQFLHV LQ WKH WZRSHUSHQGLFXODU D[HV :) DQG:)1XPEHURI5RWDWLRQVGXULQJD VLQJOH ODVHU
SXOVH 15 DQG )RFXVHG 3RVLWLRQ ZLWK UHJDUG WR WKH EHDP IRFDO SRLQW )3 ZHUH FRQVLGHUHG DV PDLQ IDFWRUV WR
LQYHVWLJDWHWKHLULQIOXHQFHVRQWKHZHOGTXDOLW\UHVSRQVHVVXFKDVEHDGJHRPHWU\IHDWXUHVDQGKDUGQHVV7KHZRUNLQJ
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7KH WDQJHQWLDO YHORFLW\ ZREEOLQJ VSHHG RI WKH EHDP RVFLOODWLRQ LV D NH\ IDFWRU ZKLFK LV FRUUHODWHG WR WKH
ZREEOLQJIUHTXHQFLHVLQWKHWZRD[HV7RDYRLGDQ\GHYLDWLRQGXHWRWKHJUDGLHQWRIZREEOLQJYHORFLW\WKLVWHUPKDV
WR EH XQLIRUP WR FRUUHFWO\ GHWHUPLQH LWV UHOHYDQW HIIHFW IRU HYHU\ LQGLYLGXDO WULDO 7KXV DQ LGHQWLFDO ZREEOLQJ
IUHTXHQF\H[WHQWIRUWKHERWKD[HV:) :)
2.3. Design of experiments 
$PXOWLOHYHOIXOOIDFWRULDOGHVLJQZDVVHOHFWHGDVDVWDWLVWLFDOGHVLJQRIH[SHULPHQW'R(WHFKQLTXHWRGHYHORS
WKH VHPLHPSLULFDO PDWKHPDWLFDO PRGHOV FRUUHODWLQJ WKH SURFHVV SDUDPHWHUV WR HDFK PHDVXUHG UHVSRQVHV 7KLV
VWDWLVWLFDOPHWKRGSURYLGHVDZLGHUYLHZDQGFRXOGEULQJVRPHOLJKWWRWKHXQGHUVWDQGLQJRIWKHRXWSXWUHVXOWVLQDQ\
H[SHULPHQWDO WHVW GHVLJQ +LQNHOPDQQ DQG.HPSWKRUQH ,Q WKLV VFKHPH HDFK IDFWRU LV GHVFULEHGE\ FRGHG
VWDQGDUGL]HGYDOXHUDQJLQJIURPWR0RUHRYHUWKHVHPLHPSLULFDOPDWKHPDWLFDOPRGHOVZHUHLQIHUUHGEDVHG
RQ WKH PHDVXUHG UHVSRQVHV LQFOXGLQJ WKH OLQHDU DQG PXOWLSOH LQWHUDFWLRQ HIIHFWV RI WKH SURFHVV SDUDPHWHUV 7KH
UHVSRQVHIXQFWLRQLVJHQHUDOO\ZULWWHQDV
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WKHLU SHUWLQHQW OHYHOV OLVWHG LQ 7DEOH   H[SHULPHQWV ZHUH RUGHUHG UDQGRPO\ DQG FDUULHG RXW WR FRQVLGHU WKH
LQIOXHQFHRIWKHIDFWRUVRYHUWKHSUHVFULEHGGHVLJQVSDFH
7KH VLJQLILFDQFH RI WKH WHUPVZDV HYDOXDWHG XVLQJ DQ DQDO\VLV RI YDULDQFH $129$ZLWK D  FRQILGHQFH
LQWHUYDO ,Q WKLV FDVH WKH WHUPV ZLWK WKH SYDOXHV OHVV WKDQ  DQGFYDOXHV JUHDWHU WKDQ  DUH FRQVLGHUHG DV
VLJQLILFDQWWHUPV0RQWJRPHU\$FFRUGLQJO\WKHFYDOXHpYDOXHRVTXDUHGDGMXVWHGRVTXDUHGSUHGLFWHG
RVTXDUHG DQG WKH DGHTXDWH SUHFLVLRQ ZHUH HYDOXDWHG LQ D VHTXHQWLDO LQVSHFWLRQ VFKHPH WR PHDVXUH HLWKHU WKH
VLJQLILFDQWPRGHOWHUPVRUWKHPRGHO¶VDGHTXDF\,QRWKHUZRUGVDOOWKHWHUPVZHUHFRQVLGHUHGILUVWDVSUHVHQWHGLQ
(T+RZHYHULQVLJQLILFDQWWHUPVEDVHGRQWKHDGHTXDF\PHDVXUHZHUHH[FOXGHGIURPWKHPRGHOVWDUWLQJZLWK
WKH WHUPDWKLJKHVW OHYHORI LQWHUDFWLRQV DQG WKHQ WKH$129$ZDV UHFRPSXWHG7KLVSURFHGXUHZDV IROORZHG WR
HOLPLQDWHDOOWKHQRWVLJQLILFDQWWHUPVIURPWKHPRGHOUHGXFHGPRGHOFRQVLGHULQJWKHDGMXVWHGpYDOXHVDQGRWKHU
DGHTXDF\ PHDVXUHV PHQWLRQHG DERYH )LQDOO\ WKHVH UHGXFHG VHPLHPSLULFDO PDWKHPDWLFDO PRGHOV ZHUH XVHG WR
GHWHUPLQHWKHRSWLPDOFRPELQDWLRQRISURFHVVSDUDPHWHUVWRPHHWDJLYHQVHWRITXDOLW\FULWHULD
7KHFRPPHUFLDO VWDWLVWLFDO VRIWZDUH'HVLJQ([SHUW9ZDVXVHG WRFUHDWH WKHGHVLJQPDWUL[DQGDQDO\]H WKH
H[SHULPHQWDOGDWD+RZHYHUDOOFRPSXWDWLRQVDQGDQDO\VHVZHUHYHULILHGZLWKVHOIPDGH0$7/$%FRGH
5HVXOWV
3.1. Sample analysis 






LQ )LJ  D )LQDOO\ WKRVH YDOXHV ZHUH DYHUDJHG WR GHWHUPLQH WKH FRUUHVSRQGLQJ UHVSRQVHV ,Q DGGLWLRQ









3.2. Mathematical model and analysis of variance (ANOVA) 
,Q WKLV VHFWLRQ GXH WR VSDFH FRQVWUDLQW WKH SURFHGXUH DQG DQDO\VLV RI YDULDQFH LV RQO\ SUHVHQWHG IRU WKHZHOG
SHQHWUDWLRQGHSWKUHVSRQVH)RUWKHRWKHUUHVSRQVHVRQO\WKHRSWLPL]HGUHGXFHGPRGHOVDUHSUHVHQWHGLQ7DEOH
$VDOUHDG\PHQWLRQHGDPXOWLOHYHO IDFWRULDOGHVLJQZLWK WHVWVKDVEHHQSHUIRUPHG WR LQYHVWLJDWH WKHHIIHFWVRI
ODVHUSRZHUZREEOLQJIUHTXHQF\QXPEHURIURWDWLRQDQGIRFXVHGSRVLWLRQRQWKHEHDGRQSODWHVSRWZHOGTXDOLW\
ZLWKLQ WKH VHOHFWHG GHVLJQ VSDFH VHH 7DEOH  7KH VWHSZLVH SURFHGXUH VHH 6HFWLRQ  ZDV DOVR DSSOLHG WR
HOLPLQDWH WKHQRW VLJQLILFDQWPRGHO WHUPV FRQVLGHULQJ WKHpYDOXHV DGMXVWHG DQGSUHGLFWHGRVTXDUHGYDOXHV7KH
GHWDLOHG$129$UHSUHVHQWLQJWKHVLJQLILFDQWWHUPVIRUWKHZHOGSHQHWUDWLRQGHSWKLVVXPPDUL]HGLQ7DEOH
7DEOH$QDO\VLVRIYDULDQFHLQFOXGLQJWKHVLJQLILFDQWWHUPVIRUWKHZHOGSHQHWUDWLRQGHSWK
6RXUFH 66D GIE 06F FYDOXH pYDOXH 
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PRGHO FRHIILFLHQWV KDOIHIIHFWV DUH SUHVHQWHG LQ 7DEOH  $FFRUGLQJO\ OLQHDU PRGHOV ZLWK UHGXFHG WZRIDFWRU
LQWHUDFWLRQ),ZHUHIRXQGWREHVXIILFLHQWWRFRUUHODWHZHOOWKHZHOGTXDOLW\ZLWKWKHSURFHVVSDUDPHWHUVEDVHGRQ
WKHDGHTXDF\PHDVXUHV
%DVHG RQ7DEOH  LW LV VHHQ WKDW H[FHSW IRU WKHPLFURKDUGQHVV +9 DOO VHPLHPSLULFDOPRGHOV KDYH KLJK
DGHTXDF\YDOXHV!7KLVLVTXLWHUHPDUNDEOHFRQVLGHULQJWKHIROORZLQJIRXUIDFWV)LUVWLWLVNQRZQWKDWWKH
UHVSRQVHVKDYHJHQHUDOO\QRQQHJOLJLEOHYDULDWLRQV IRU DJLYHQVHWRISURFHVVSDUDPHWHUV7KHQ WKH UHVSRQVHVDUH
YHU\VHQVLWLYHWRWKHSURFHVVSDUDPHWHU7KLUGODVHUSURFHVVLQJLVNQRZQWREHDKLJKO\QRQOLQHDUSURFHVV)LQDOO\
WKHVHPRGHOVDUHSXUHO\EDVHGRQOLQHDUUHJUHVVLRQDQGGRQRWWDNHLQWRDFFRXQWWKHSK\VLFDOSKHQRPHQD
3.3. Process parameter optimization 
$VPHQWLRQHGLQVHFWLRQDOOWKHPRGHOVKDYHEHHQYDOLGDWHGZLWKERWKWKHUHSHWLWLRQDQGWKHQHZH[SHULPHQWV
VHH7DEOHZLWKLQWKHLQYHVWLJDWHGGRPDLQ7KHUHIRUHWKHYDOLGDWHGPRGHOVFDQEHXVHGWRRSWLPL]HWKHSURFHVV
SDUDPHWHUV IRUDJLYHQTXDOLW\FULWHULD5HGXFLQJ WKH ODVHUSRZHUDQG LQFUHDVLQJ WKHZHOGLQJVSHHGLHZREEOLQJ
IUHTXHQF\DUH WKHPRVW FRPPRQO\NH\ WDUJHWV LQ MRLQLQJ LQGXVWULHV HJ DXWRPRWLYH LQGXVWU\ WR IXOILOO UHODWLYHO\
ORZFRVW KLJK SURGXFWLRQ UDWH DQG H[FHOOHQW ZHOG MRLQWV ,Q DGGLWLRQPD[LPL]LQJ WKH YROXPH RI IXVLRQ ]RQH LV
HYLGHQWO\ OXFUDWLYH WR EULGJH D ODUJHU JDS VL]H7KHUHIRUH DV DQ H[DPSOHZH GHILQHG D VHW RI TXDOLW\ FULWHULD IRU
SURFHVV SDUDPHWHU RSWLPL]DWLRQ DQG WKH\ DUH D ZHOG SHQHWUDWLRQ RI  P ZHOG ZLGWK RI  P
PLQLPL]DWLRQRIWKHODVHUSRZHUPD[LPL]DWLRQRIWKHZREEOLQJIUHTXHQF\DQGIXVLRQ]RQH7DEOHVXPPDUL]HVWKH
TXDOLW\ FULWHULD ORZHU DQG XSSHU OLPLWV RI WKH SURFHVV SDUDPHWHUV DQG WKH PHDVXUHG UHVSRQVHV DV ZHOO DV WKHLU
UHOHYDQWLPSRUWDQFH
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7DEOH0RGHOFRHIILFLHQWVIRUHDFKUHVSRQVHVXUIDFHPRGHOUHGXFHGWROLQHDUDQG),
0RGHO&RHIILFLHQWV+( 
)DFWRU 3HQHWUDWLRQ :LGWK +$= A)= A+$= +9
a      
a      
D
a      
a      
a      
a      
a      
a      
a      
a      
a      
R2      
$GMR2      
3UHGR2      




)DFWRUV5HVSRQVHV XQLW 5DQJH ,PSRUWDQFH &ULWHULD %HVWVROXWLRQ
ORZHU XSSHU 
/DVHUSRZHU >Z@    0LQLPL]H 
:REEOLQJIUHTXHQF\ >+]@    0D[LPL]H 
1XPEHURIURWDWLRQ >@    ,QWKHUDQJH 
)RFXVHGSRVLWLRQ >PP@    ,QWKHUDQJH 
3HQHWUDWLRQGHSWK >P@     
:HOGZLGWK >P@     
+HDWDIIHFWHG]RQH >P@    ,QWKHUDQJH 
$UHDRIIXVLRQ >P@    0D[LPL]H 
$UHDRI+$= >P@    ,QWKHUDQJH 
0LFURKDUGQHVV >NJIPP@    ,QWKHUDQJH 
7KLVRSWLPL]DWLRQSUREOHPZDVVROYHGE\XVLQJWKH'HVLJQ([SHUW9VRIWZDUHEDVHGRQWKHTXDOLW\FULWHULDDV
OLVWHGLQ7DEOH)LJYLVXDOL]HVWKHRSWLPDOUHJLRQDVZHOODVWKHEHVWVROXWLRQRQDQRYHUOD\SORW













LV HYDSRUDWHG IRUPLQJ D YDSRU FDSLOODU\ ZKLFK LQ WXUQ FDQ GLUHFW WKH ODVHU OLJKW LQWR WKH PDWHULDO 8QGHU VXFK
FLUFXPVWDQFHV WKHHQHUJ\ LVDEVRUEHGPRUHHIILFLHQWO\DVDUHVXOWRI WKHPXOWLSOHUHIOHFWLRQVRI WKH ODVHUHPLVVLRQ
ZLWKLQ WKHYDSRU FDSLOODU\ DW WKHGHSWKRI WKHYDSRUOLTXLG LQWHUIDFH$FFRUGLQJO\ LW SULPDULO\ UHVXOWV LQ DGHHSHU
ZHOGDQGDJUHDWHUIXVLRQYROXPH$VDVHFRQGDU\HIIHFWLWEURDGVWKHZHOGZLGWK+$=DQGKHDWDIIHFWHGYROXPH
,QWHUHVWLQJO\ LW LV IRXQG RXW WKDW WKH ODVHU SRZHU KDV D VLJQLILFDQWO\ OHVV LPSDFW DV FRPSDUHG WR WKH ZREEOLQJ
IUHTXHQF\ ZLWKLQ WKH SUHVFULEHG UDQJHV RI WKH SURFHVV SDUDPHWHUV 6LPLODU FRQFOXVLRQV ZHUH DOVR UHSRUWHG LQ
%HQ\RXQLVHWDO.KDQHWDO5DWKRGDQG+DULEKDNWDWHVWLQJHLWKHUORZFDUERQ6WHHOVRU6WDLQOHVV
VWHHOV
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4.2. Effect of wobbling frequency 




D UHGXFWLRQ RI WKH KHDW LQSXW OHDGLQJ WR D ORZHU WKHUPDO SHQHWUDWLRQ 7KXV DOOPHDVXUHG UHVSRQVHV SHQHWUDWLRQ
ZLGWK+$=A)=DQGA+$=GHFUHDVHZLWKDQLQFUHDVHLQWKHZREEOLQJIUHTXHQF\%DVHGRQWKHSUHVHQWUHVXOWVWKH
ZREEOLQJ IUHTXHQF\ RU WKH FRUUHVSRQGLQJZREEOLQJ YHORFLW\ZDV IRXQG WR EH WKH SURFHVV SDUDPHWHU KDYLQJ WKH
PRVWLQIOXHQFHRQWKHZHOGJHRPHWU\IHDWXUHV
4.3. Effect of number of rotations 
7R VWDUW ZLWK WKLV SDUDPHWHU LV IRXQG WR EH VLJQLILFDQW DQG KDV SRVLWLYH HIIHFWV IRU DOO PHDVXUHG UHVSRQVHV
0RUHRYHU LW LV WKHRQO\PDLQ HIIHFW WKDWKDV D VLJQLILFDQW LQIOXHQFHRQ WKHPLFURKDUGQHVV(VVHQWLDOO\ DGGLWLRQDO
URWDWLRQV SURYLGH QRW RQO\PRUH KHDW LQSXW WR WKHZHOGHGPDWHULDO EXW DOVR LQFUHDVH WKHUPDO SHQHWUDWLRQ 7KLV LV
PDLQO\GXHWRWKHFRQVHTXHQWSUHKHDWLQJUHVXOWHGIURPWKHSUHYLRXVKHDWF\FOHLHWKHIRUPHUURWDWLRQ7KLVUHVXOWV





4.4. Effect of focused position 
%DVHGRQWKH$129$LQWKHGHVLJQVSDFHWKHIRFXVHGSRVLWLRQLVFRQVLGHUHGWREHDVLJQLILFDQWSDUDPHWHUZLWK











ZHOO WKHUHVSRQVHVZLWKWKHIDFWRUVVHHLQ7DEOH)RU LQVWDQFHRQO\WKH/3:)LQWHUDFWLRQWHUPLVDGHTXDWH WR
DFFRXQW IRU WKHZHLJKW DQG FXUYDWXUHRI WKH UHVSRQVH VXUIDFHPRGHO WR HVWLPDWH WKHZHOGSHQHWUDWLRQGHSWK7KLV
LQGLFDWHVWKHFRUUHVSRQGLQJUHVSRQVHKDVDORZFXUYDWXUHRYHUWKHLQYHVWLJDWHGGRPDLQ
&RQFOXVLRQV
,Q WKHSUHVHQW VWXG\ VHYHUDO LPSRUWDQW SURFHVV SDUDPHWHUV IRU VSRWZHOGLQJRI7L$O9SODWHZLWK DZREEOLQJ
ODVHUEHDPZHUHDQDO\]HGXVLQJDGHVLJQRIH[SHULPHQW'R(DSSURDFK)RXUIDFWRUVZHUHFRQVLGHUHGZKLFKDUH
WKHODVHUSRZHUWKHZREEOLQJIUHTXHQF\LHZREEOLQJVSHHGWKHQXPEHURIURWDWLRQVZLWKLQDVLQJOHSXOVHDQGWKH
IRFXVHG SRVLWLRQ %DVHG RQ WKH 'R( UHVXOWV DQG $129$ DQDO\VHV VHPLHPSLULFDO PDWKHPDWLFDO PRGHOV ZHUH
GHYHORSHGDQGRSWLPL]HG7KHPDLQFRQFOXVLRQVDUHDVIROORZV
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x 6HYHUDO VHPLHPSLULFDO PDWKHPDWLFDO PRGHOV KDYH EHHQ GHYHORSHG EDVHG RQ WKH H[SHULPHQWDO UHVXOWV RI WKH
SUHVHQW VWXG\ 7KHVH PDWKHPDWLFDO PRGHOV DOORZ GHWHUPLQLQJ WKH HIIHFWV RI WKH PDLQ SDUDPHWHUV DQG WKHLU
FRUUHVSRQGLQJLQWHUDFWLRQVRQWKHVSRWZHOGLQJTXDOLW\RI7L$O9SODWH7KHTXDOLW\ZDVGHILQHGLQWHUPVRIZHOG
JHRPHWU\ IHDWXUHV SHQHWUDWLRQZLGWK+$=DUHDRI IXVLRQ]RQH A)= DQGDUHDRI+$= A+$= DVZHOO DV WKH
ZHOG PLFURKDUGQHVV ,W ZDV GHPRQVWUDWHG WKDW OLQHDU PRGHOV ZLWK WZRIDFWRU LQWHUDFWLRQ ZHUH DGHTXDWH WR
FRUUHODWHWKHZHOGTXDOLW\WRWKHLQYHVWLJDWHGSURFHVVSDUDPHWHUV
x ,WZDVDOVRXQGHUVWRRG WKDW WKHPDLQ IDFWRUVKDYH WKHGRPLQDQWHIIHFWV LQPRVWFDVHVDQG WKH LQWHUDFWLRQVKDYH
VXUSULVLQJO\DOLPLWHGLPSDFWRQWKHVSRWZHOGTXDOLW\ZLWKLQWKHLQYHVWLJDWHGGRPDLQ














$NPDQ('HPLU$&DQHO7DQG6ÕQPD]oHOLN7  /DVHU:HOGLQJRI7L$O97LWDQLXP$OOR\V -RXUQDORI0DWHULDOV3URFHVVLQJ
7HFKQRORJ\






&DVDOLQR * &XUFLR ) DQG0HPROD &DSHFH0LQXWROR )  ,QYHVWLJDWLRQ RQ 7L$O9 /DVHU:HOGLQJ8VLQJ 6WDWLVWLFDO DQG 7DJXFKL
$SSURDFKHV-RXUQDORI0DWHULDOV3URFHVVLQJ7HFKQRORJ\
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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